Choroidal blood flow velocity Choroidal thickness Enhanced depth imaging optical coherence tomography Laser speckle flowgraphy Leukemic retinopathy A B S T R A C T Purpose: Choroidal circulation hemodynamics in eyes with leukemia has not been quantitatively examined yet. We quantitatively examined changes in choroidal blood flow velocity and choroidal thickness at the macula by using laser speckle flowgraphy (LSFG) and enhanced depth imaging optical coherence tomography (EDI-OCT) in a patient with leukemic retinopathy. Observations: A 15-year-old boy presented with sudden central vision loss of his right eye. The patient's bestcorrected visual acuity was 0.09 OD and 1.2 OS. Funduscopy revealed a sub-inner limiting membrane hemorrhage at the macula, intra-retinal hemorrhages with Roth spots, and dilatation and tortuosity of retinal veins OU. Leukocytosis with the Philadelphia chromosome was found in the peripheral blood, which led to a diagnosis of retinopathy associated with chronic myeloid leukemia. Retinal hemorrhages resolved after chemotherapy. Macular mean blur rates on LSFG increased by 24-38% OD and 13-26% OS, while macular choroidal thicknesses on EDI-OCT decreased by 7-60 μm OD and 8-46 μm OS during the 3-month follow-up period after the start of treatment. Conclusion and importance: These results suggest that choroidal blood flow velocity decreased and choroidal thickness increased sub-clinically in the acute stage of a patient with leukemic retinopathy. LSFG and EDI-OCT may be useful to non-invasively evaluate the activity of choroidal involvement in leukemic retinopathy.
Introduction
Leukemia often involves the eye. Leukemia cells infiltrate the retina and causes leukemic retinopathy that is characterized by intra-retinal hemorrhages often with Roth spots, vitreous hemorrhage, dilated and tortuous retinal veins, and cotton-wool spots. 1, 2 The choroid is an ocular tissue that is easiest for leukemia cells to infiltrate, 3, 4 regardless of whether patients are symptomatic or asymptomatic. Clinically, patients with leukemic choroidopathy involve serous retinal detachment (SRD) at the macula. 5, 6 Histopathologically, diffuse leukemic infiltrates were observed mainly in the posterior choroid. 4, 7 Recently, enhanced depth imaging optical coherence tomography (EDI-OCT) revealed choroidal thickening in the acute stage of a leukemia patient with SRD. 5, 6 These observations suggest that impairment of the retinal pigment epithelium (RPE) following choroidopathy causes subsequent SRD development. To our knowledge, however, choroidal circulation hemodynamics in patients with leukemic retinopathy and/or choroidopathy has not been examined quantitatively.
Laser speckle flowgraphy (LSFG) is a non-invasive device that is capable of quantitatively examining ocular blood flow velocity. LSFG targets moving erythrocytes, which produces blurring within the speckle pattern using a diode laser of a wavelength of 830 nm to illuminate the ocular fundus. 8 The mean blur rate (MBR), automatically calculated from variations in the degree of blurring, is a quantitative index of the relative blood flow velocity 9 and the measurement results show high reproducibility. 10 Because the MBR derives mainly from the choroid, the value represents choroidal circulation hemodynamics, especially at the macula. 11 Therefore, LSFG is suitable to monitor the time course of choroidal circulation hemodynamics in various chorioretinal diseases.
12-16
We used LSFG and EDI-OCT to quantitatively investigate the time course of changes in circulation hemodynamics and thickness of the choroid in a patient with leukemic retinopathy. The patient's best-corrected visual acuity (BCVA) was 0.09 × −2.0 diopters OD and 1.2 × −2.0 diopters OS and his intraocular pressure (IOP) was 21 mmHg OD and 18 mmHg OS. Slit-lamp examination revealed no abnormal findings OU. Funduscopy revealed a sub-inner limiting membrane (ILM) hemorrhage (Fig. 1a and b, arrowheads) at the fovea OD and the temporal side of the fovea OS, intra-retinal hemorrhages with Roth spots (Fig. 1a and b , arrows) OU, and dilatation and tortuosity of retinal vessels OU. We did not perform fluorescein or indocyanine green angiography because of the patient's systemic condition. EDI-OCT demonstrated hyper-and hypo-reflectivities beneath the ILM corresponding to the sub-ILM hemorrhages ( Fig. 1c and d , arrowheads). Choroidal thickness was 334 μm at the nasal site of 1.0 mm away from the fovea OD (Fig. 1c, red line) and 175 μm at the fovea OS (Fig. 1d, red line) . Leukocytosis with the Philadelphia chromosome in the peripheral blood test led to a diagnosis of leukemic retinopathy associated with chronic myeloid leukemia. The patient underwent leukopheresis and was treated with hydroxyurea 2,000mg/day and nilotinib 600 mg/day for two courses.
After the initiation of chemotherapy, sub-ILM and intra-retinal hemorrhages gradually decreased in size and in number OU and resolved at 3 months after treatment ( Fig. 2a and b) . On EDI-OCT, the hyper-and hypo-reflectivities at the macula were found to be reduced at 1 month after treatment ( Fig. 2c and d) . Choroidal thickness values decreased to 293 μm OD (Fig. 2c , red line) and 129 μm OS (Fig. 2d , red line) at the same sites measured before treatment. Three months after treatment, the BCVA improved to 0.5 OD. Thirty-six months after treatment, the BCVA was 1.5 OU with complete resolution of retinal hemorrhages OU.
There were no recurrences of leukemia or leukemic retinopathy during the follow-up.
Methods

LSFG measurement
The current study was approved by the ethics committee of Hokkaido University Hospital (015-0494). To quantitatively examine choroidal blood flow velocity in the present case, LSFG measurements using LSFG-NAVI (Softcare, Fukuoka, Japan) were performed for the eyes with leukemic retinopathy 5 consecutive times at the initial visit and at 2 weeks, 1 month, and 3 months after the start of chemotherapy. The mechanism and measurement method of LSFG have been published. 8, 9, 14, 15 On LSFG color map, circles were set at the nasal side of the fovea to avoid foveal sub-ILM hemorrhage OD and at the center of the macula OS (Fig. 1a , b, e, f, 2e, f). The positions of circles were determined manually by comparing the fundus photographs and the LSFG color map images at baseline. Each MBR was automatically calculated using LSFG Analyzer software (v 3.0.47; Softcare). Sequential changes in average MBR were evaluated as the changing rates of average MBR against the first measurement values, as previously described, [12] [13] [14] [15] [16] since MBR is a quantitative index of the "relative" blood flow velocity.
Hemodynamics
Within a certain range, there is a linear relationship between choroidal blood flow and ocular perfusion pressure (OPP) in healthy subjects. 17 To exclude the possibility of such physiological responses from the current results, OPP was calculated using the patient's blood pressure and IOP, as previously described. 
EDI-OCT measurement
EDI-OCT measurements (RS-3000 Advance; NIDEK, Gamagori, Japan) were obtained for the eyes with leukemic retinopathy at initial visit and 2 weeks, 1 month, and 3 months after treatment. Choroidal thickness was determined by manually measuring the distance from the outer border of the hyper-reflective line corresponding to the RPE to the outer border of the choroid (Fig. 1c and d, 2c, d ), using a horizontal scan through the fovea (scan length, 12.0 mm). Choroidal thickness values were obtained at the central fovea and neighboring temporal and nasal sites with 500-μm intervals up to 2,500 μm away from the central fovea OU (Fig. 1c, d, and 2c, d; lines) . 18 Of these, several sites with Choroidal thicknesses measured at the same sites as the initial visit decreased to 284 μm (c, red line) and 142 μm (d, red line). e, f, On the laser speckle flowgraphy color map, the MBR within circles increased at 1 month after treatment compared with the initial visit ( Fig. 1e and f) . shadowing due to sub-ILM hemorrhage at the fovea were excluded from our measurements because of poor visibility in determining the outer border of the choroid (Figs. 1c and 2c ). Two authors (AT, YH), blinded to the patient's clinical information, independently evaluated the EDI-OCT images.
Results
LSFG data
On LSFG color map, the MBR increases in both eyes were clearly visualized at 3 months after the initial visit compared with baseline (Fig. 1e, f, and 2e, f) . Changes in the average macular MBR values are shown in Fig. 2g and h . The values were as follows: 4.5 ± 0.2, 5.7 ± 0.4, 6.2 ± 0.1, and 5.6 ± 0.2 OD at the initial visit and 2 weeks, 1 month, and 3 months after treatment, respectively, and 6.1 ± 0.4, 7.2 ± 0.4, 7.7 ± 0.7, and 6.9 ± 0.5 OS at the same evaluation points. When the changing rates in MBR were compared with the baseline values (100%), 26.7%, 37.8%, and 24.4% increments were noted OD with equivalent elevations of 18.0%, 26.2%, and 13.1% OS at 2 weeks, 1 month, and 3 months, respectively ( Fig. 2g and h ).
OPP data
OPP was 38.5, 41.3, 26.5, and 26.8 mmHg OD and 41.5, 43.3, 26.5, and 26.8 mmHg OS at baseline and 2 weeks, 1 month, and 3 months after the baseline measurement, respectively. It slightly decreased OU during the follow-up.
Changes in choroidal thickness
Changes in macular choroidal thickness in the eyes with leukemic retinopathy are shown in Table 1 . Choroidal thickness values at 3 months after treatment decreased as compared with baseline data at all the sites measured (Fig. 1c, d, and 2c, d ).
Discussion
In the present study, we quantitatively evaluated changes in choroidal blood flow velocity and choroidal thickness in the macular area using LSFG and EDI-OCT in a patient with leukemic retinopathy. During the 3-month follow-up period after the start of chemotherapy, the MBR increased by 24-38% OD and 13-26% OS. The macular choroidal thickness values decreased by 7-60 μm OD and 8-46 μm OS. In the acute stage, moreover, macular choroidal thickness values before treatment were much higher than the mean values at the corresponding 500-μm interval sites in normal eyes with refractive errors less than −6.0 diopters. 18 There were also improvements in the BCVA and retinal findings. Since the OPP slightly decreased during the follow-up, we determined that the increase of MBR in this patient were due to changes in choroidal blood flow velocity, but not systemic hemodynamics. Therefore, our results suggest that choroidal blood flow velocity decreases and choroidal thickness increases in the acute stage of a patient with leukemic retinopathy. Histopathological studies reported that entry of leukemia cells into the eye was frequently observed intravascularly and extravascularly, especially at the posterior choroid. 1, 5 Therefore, the reason why MBR decreased and choroidal thickness increased in the acute stage of this patient may be explained as follows: leukemia cell adhesion to the inner wall of choroidal vessels and vascular compression by extravasated leukemia cells cause reduction of choroidal blood flow velocity, and increased inflow of fluids to the choroidal interstitial tissue due to blood flow congestion and choroidal infiltration of leukemia cells result in choroidal thickening. We previously showed that choroidal blood flow velocity decreased and choroidal thickness increased in the acute stage of choroiditis such as in Vogt-Koyanagi-Harada disease 14 and serpiginous choroiditis. 19 In contrast, both the blood flow velocity and thickness of the choroid increased in the acute stage of patients with acute central serous chorioretinopathy (CSC). 12, 20 These circulatory and morphologic patterns in choroiditis and CSC may be called the inflammatory pattern and sympathetic pattern, respectively. 16 Interestingly, unilateral acute idiopathic maculopathy, 16 a series of diseases in the acute zonal occult outer retinopathy complex, 13, 15, [21] [22] [23] [24] and acute posterior multifocal placoid pigment epitheliopathy 25 also showed inflammatory patterns.
Because the pattern of choroidal flow and thickness changes in the present case was similar to that of choroiditis, it may be termed as a "pseudo-inflammatory" pattern, which is also supported by the previous histopathological observations. The present study has some limitations. Because this is a case report, further studies with a larger number of cases are needed to establish usefulness of the MBR and choroidal thickness in the management of this disease. In this study, choroidal thickness was manually measured using an OCT B-scan. To reduce measurement bias, further studies are needed to automatically measure choroidal volume using a sweptsource OCT C-scan or EDI-OCT raster scan protocol. 26 In conclusion, LSFG and EDI-OCT results at the macula revealed that MBR increased, choroidal thickness decreased, and visual function and fundus findings improved in a patient with leukemic retinopathy. These results suggest that choroidal circulation impairment was sub-clinically present in leukemic retinopathy regardless of the absence of choroidopathy. Thus, LSFG and EDI-OCT may be useful to non-invasively and quantitatively evaluate the activity of choroidal involvements in leukemic retinopathy and/or chorioretinopathy.
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